The atomic hydrogen flux to silicon growth flux ratio during microcrystalline silicon solar cell deposition The optimal phase composition of microcrystalline silicon ͑c-Si: H͒ solar cell absorber layers is generally found in a narrow process window just before entering the amorphous growth regime. [1] [2] [3] The presence of atomic hydrogen is recognized as a key parameter influencing the crystallinity of the silicon films. [3] [4] [5] [6] In the literature, it is often speculated that the hydrogen to Si growth precursor flux ratio should exceed a critical value for the nucleation of crystalline phase material to occur. Although the atomic hydrogen flux during deposition can in principle be determined by advanced techniques such as two-photon laser induced fluorescence or mass spectrometry, 7, 8 the technologically relevant data available concerning the abundance of atomic hydrogen during c-Si: H deposition remain largely based on correlations with indirect optical emission spectroscopy measurements and modeling work. 6, [9] [10] [11] [12] [13] Preferential insertion of atomic hydrogen in strained Si-Si bonds and subsequent silicon etching lead to a higher etch rate of amorphous silicon ͑a-Si: H͒ relative to crystalline Si. [14] [15] [16] In a recent Letter, 17 we demonstrated that this difference in etch rate can be exploited to determine in situ the phase composition of silicon films in the c-Si: H growth regime. In this letter we introduce a quantification of the etch product density in terms of the absolute atomic hydrogen flux. We will show that within the studied parameter range the H flux to Si growth flux ratio uniquely determines the phase transition of c-Si: H to a-Si: H ͑denoted by c-Si → a-Si͒. These data experimentally confirm the existence of a critical H flux to Si growth flux ratio.
A parallel plate plasma reactor ͑13.56 MHz, reactor A͒ with a substrate area of 10ϫ 10 cm 2 was used for most experiments. 2, 17, 18 High pressure depletion process settings included a power range ͑P rf ͒ of 60-120 W, a pressure ͑p dep ͒ range of 5-15 Torr, a substrate temperature of 200°C, and a H 2 flow ͑f H2 ͒ of 360 SCCM ͑SCCM denotes cubic centimeter per minute at STP͒. For each fixed setting of p dep and P rf , the SiH 4 flow ͑f SiH4 ͒ was varied between 0 and 10 SCCM to deposit films ranging from highly crystalline to purely amorphous silicon. Two other reactors were used for cross checking the experiments. In reactor B very-high-frequency excitation ͑95 MHz͒ was employed and process settings included an electrode gap of 5-10 mm, P dep varying between 1.5 and 7.5 Torr, and showerhead or cross flow gas injection. Reactor C was a large area reactor with 30ϫ 30 cm 2 substrate area operated using deposition parameters similar to those for reactor A. 19 An optical emission spectrometer allowed the collection of the plasma emission along the line of sight through a view port at the side of the reactors. Following the procedure described in Ref. 17 , the phase composition of the as-deposited film ͑ϳ150 nm thick͒ was probed by detecting the SiH ‫ء‬ emission at 414.3 nm during a short H 2 plasma step. Deposition rates r d were determined from thickness measurements by a step profiler. From r d , the Si growth flux can be determined by multiplying it by the density of the deposited Si films ͑ Si ϳ 5 ϫ 10 22 cm −3 ͒. Complete p-i-n solar cells were prepared by using ZnO coated glass substrates and 1 ϫ 1 cm 2 back contacts of evaporated Ag. Solar cell performance was measured under 1000 W / m 2 AM 1.5 illumination at a temperature of 25°C.
To determine the H flux during the H 2 plasma step, the baseline corrected SiH ‫ء‬ emission intensity ͑I SiH ‫,ء‬ in arbitrary units͒ was converted to an equivalent flow of SiH 4 etch products ͑⌽ SiH4,etch ͒ ͑in SCCM͒ in the procedure described below. Figure 1 shows I SiH ‫ء‬ as a function of f SiH4 for two process conditions in reactor A ͑P rf = 80 and 120 W͒. Note that the SiH ‫ء‬ emission at f SiH4 = 0 is that part of the emission that can be attributed to the dissociation of etch products. The good linearity between I SiH ‫ء‬ and f SiH4 strongly suggests that the presence of small SiH 4 fractions can be treated as an impurity in the H 2 plasma. The amount of etch product generated and the result of exposing the Si thin films to a H flux, expressed in an equivalent SiH 4 flow ⌽ SiH4,etch , can be determined by extrapolating the linear fit to the x-intercept at I SiH ‫ء‬ = 0. More information on the used linear dependence is given in Ref. 18 . Note that this procedure should be repeated for every fixed plasma setting throughout a f SiH4 optimization series. Furthermore, note that a sound determination of ⌽ SiH4,etch relies on the correct subtraction of the baseline when determining I SiH ‫.ء‬ We cross checked the baseline subtraction by measuring I SiH ‫ء‬ for f SiH4 = 0 in a cleaned reactor with an uncoated substrate, in which indeed I SiH ‫ء‬ =0. Figure 2 shows ⌽ SiH4,etch corresponding to films deposited with various SiH 4 flows for the conditions P rf =80 W and P rf = 120 W in reactor A. Three SiH 4 flow regions can be identified in Fig. 2͑a͒ : an initial plateau region, a steep increase, and a second ͑sloping͒ plateau region. From solar cell analysis, as well as Raman spectroscopy, 17 we deduced that the transition from the first plateau region to the steep increase coincides with the onset of the phase transition to mixed phase growth ͑at f SiH4 = f c ͒. 17 We define the subsequent transition from the steep increase to the sloping plateau as the transition from mixed phase to amorphous silicon ͑at f SiH4 = f a ͒. In Fig. 2͑b͒ we illustrate the correlation of etch product detection with the deposited material quality by showing the solar energy conversion efficiency of solar cells deposited for both the 80 and 120 W series. Highest efficiencies were obtained for films deposited at the onset of the phase transition, i.e., at f SiH4 = 3.2 SCCM for P rf = 80 W and f SiH4 = 4.0 SCCM for P rf = 120 W.
Note that ⌽ Ͻ , defined as the etch product generation rate for etching of highly crystalline c-Si: H films in the plateau region of Fig. 2͑a͒ , is observed to increase from 0.7Ϯ 0.05 to 0.95Ϯ 0.05 SCCM when increasing P rf from 80 to 120 W. As has been mentioned above, the linearity between f SiH4 and I SiH ‫ء‬ ͑Fig. 1͒ and f SiH4 and the deposition rate 18 indicates that the influence of f SiH4 on the H flux can be neglected in a first approximation ͑for small SiH 4 concentrations, 0.2%-2%͒, and we can state that the H flux during deposition is equivalent to the H flux during H 2 plasma probing. We thus explain the higher ⌽ Ͻ for higher P rf in terms of a larger atomic hydrogen flux toward the film surface under these conditions. To investigate the dependence of the H flux on process parameters, we consider ⌽ Ͻ in reactor A for various P rf and P dep . As can be seen in Figs. 3, ⌽ Ͻ decreases with pressure and increases with power. These effects can be explained in terms of a lower electron temperature and smaller diffusion length for increasing pressure, and a rising electron density and dissociation rate of H 2 as a result of the increase in power. 20 The H flux toward the film surface ⌫ H ͑cm −2 s −1 ͒, can now be expressed in terms of ⌽ Ͻ ,
with ␥ etch the etch yield of H atoms impinging on the film and A surface the total surface area exposed to the H flux ͑lower and upper electrode͒. ⌽ Ͻ is given in particles per second ͑1 SCCM= 4.48ϫ 10 17 particles s −1 ͒. To determine the absolute value of the H flux from Eq. ͑1͒, an appropriate value for the etch yield should be substi- 
tuted. Our results indicate that the etch yield is strongly dependent on the phase composition of the silicon film. In addition, factors such as substrate temperature, H-recombination probability, and ion bombardment should be taken into account for thorough analyses, as well as a possible difference in etch yield between the Si film on the upper electrode and on the lower electrode. For an order of magnitude estimate, however, an etch yield of 10 −2 is assumed. 8, 21 Therewith, from To structure the discussion further, we introduce the dimensionless parameter , which is the ratio between the H flux ⌫ H and the Si growth flux ⌫ Si ,
Next, we determined for the various power and pressure conditions of Fig. 3 , the deposition rate for which the phase transition from c-Si: H to the mixed phase ͑a + c͒, and from a + c to a-Si: H occurred. From Fig. 3 , we know ⌽ Ͻ for the corresponding deposition regimes and thus using Eq. ͑1͒, the appropriate ␥ etch ⌫ H . By plotting ␥ etch ⌫ H versus ⌫ Si , we determined the slope ␥ etch for the transition data points in reactors A, B, and C. Figure 4 displays this main result of this letter and illustrates that the change in the phase composition of the material can be well described and understood in terms of only two parameters, namely, ⌫ H and ⌫ Si . A qualitative view on the data behind Fig. 4 To summarize, the recently introduced technique of etch product detection was extended to determine the absolute H flux under c-Si: H deposition conditions. From the H flux the ratio between the H and Si growth flux was determined in the phase transition regime for three different reactors and various plasma settings. From the results, we infer that the H to Si growth flux ratio at which the phase transition occurs is a constant, which strongly suggests that the phase transition is governed kinetically by the arrival rate of atomic hydrogen relative to the arrival rate of the growth precursors. The insights obtained provide an outlook to achieve high growth rates for silicon thin films in or close to the mixed phase region. 
